Abstract. USACE coastal missions, operations, programs, and projects must be resilient to the full range of forseeable water levels, including extreme water levels, as well as the changing conditions that those water levels can induce at a project location. Water level range, magnitude of extremes, and frequency will all contribute to the stability, operation, and performance of a given project. Understanding which component of total water level or combination of components controls performance (and at what time scale) is critical to the design and evaluation of a project. Being aware of the different cross shore zones of total water level calculation and impacts informs exposure and impact assessments. Estimating future conditions over the project life recognizes that there will be both stationary and nonstationary contributions to the total water level (TWL) over time, necessitating the consideration of scenarios in project alternative development. An adaptive management approach provides a process for dealing with future uncertainties and involves developing plans that envisage a range of futures, incorporates ongoing monitoring, and permits transitions from one approach to another. Identifying thresholds beyond which stability or performance are adversely impacted is an important way to understand current and future vulnerability with respect to water levels, especially within the flood risk mission area. The USACE total water level Engineering Technical Letter (ETL) in development will guide how to evaluate total water levels for USACE coastal missions.
Introduction
A wide range of infrastructure and population at risk exists around the coastline of the US. US Army Corps of Engineer (USACE) missions, operations, programs, and projects in the coastal zone must be resilient to the full range of water levels, including extreme water levels, as well as the changing conditions that those water levels can induce at a project location. These mission areas relate to levees and coastal protection infrastructure, ports and harbour developments and navigation. There is a requirement for maintenance of existing legacy infrastructure as well as the consideration of new project builds and new developments.
Water level ranges, magnitudes, and frequencies will all contribute to the stability, operation, and performance of a given project. Breaking a total water level down into the contributing components is essential to understanding risk as well as potential changes over time. Projecting future conditions over the project life recognizes that there will be both stationary and nonstationary contributions to the total water level (TWL) over time necessitating the consideration of scenarios in project alternative development. An adaptive management approach provides a process for dealing with future uncertainties and involves developing plans that envisage a range of futures, incorporates ongoing monitoring, and permits transitions from one approach to another.
Any description of water level components is connected to a point in time described by the data and the processing assumptions. Identifying thresholds beyond which stability or performance are adversely impacted is an important way to understand current and future vulnerability with respect to water levels. Understanding which component of TWL or combination of components controls performance (and at what time scale) is critical to the design and evaluation of the project. Flood risk impacts both stability and performance of USACE projects. Fully understanding current and future changes in flood risk will impact resilience and sustainability of USACE projects.
This paper describes the development of new guidance, in the form of an Engineering Technical Letter (ETL), on how coastal water level ranges can be incoporated within flood risk analysis, for the purposes of coastal project design and hazard mapping within the US. The guidance summarises methods and data available and advises on how these can be appropriately utilised in practice.
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This guidance forms part of a series of guidance documents produced by the USACE that has helped to shape best practice with respect to changing sea levels in the US since 1986.
Principles
Effective coastal analysis and design requires the identification and analysis of controlling water level components which will vary with project type, design life, location of the project as well as adjacent water body characteristics. Communication of the frequency of occurrence of components, influence on other design variables, and translation to project performance over time, as well as the potential for exceedance over time will be essential to informed project alternative selection. Regardless of the mission area or project type, the principles that identify the requirements for total water level analysis at a project include the following items, divided into Total Water Level Components and Component Analysis and Use in Design and Performance Assessment.
Total Water Level Components:
1. Breaking a total water level down into the contributing components is essential to understanding risk and potential changes over time.
2. A project may have more than one controlling water level depending on the design and performance functions relevant to the project.
3
. The controlling water level may be the result of combinations of either coincident events or forcing/receiving area values.
4.
The controlling water level may be a value other than the extreme high or the extreme low. In addition, duration, frequency, and rate of change may be of importance to project performance and stability.
Component Analysis and Use in Design and Performance Assessment:
5. Analysis of total water levels is a separate activity from the selection of total water level values for design and project performance assessment.
6. Data availability, data quality, and processing procedures may influence the accurate and complete description of the forcing and receiving climate.
7. The variability of other design or forcing parameters that are a function of water level may control design/performance limit states.
8. Any description of water level components as well as influence on alternative performance is connected to a point in time described by the data and the processing assumptions. Variability over increasing time scales from hours to decades of the relevant parameters may influence performance and adaptability of the range of project alternatives.
Existing flood hazard mapping for US
The Federal Emergency Management Agency (FEMA) prepares Flood Insurance Studies (FISs) and Flood Insurance Rate Maps (FIRMs) which are used by FEMA to administer the National Flood Insurance Program (NFIP). FIRMs display the areal extent of the one-percent annual chance flood. These areas are termed Special Flood Hazard Areas (SFHAs). SFHAs are divided into flood hazard zones based on the type of flood hazard. Also depicted on FIRMs are Base Flood Elevations (BFEs) which represent the water surface elevations of the one-percent annual chance floods. BFEs are referenced to the North American Vertical Datum of 1988 (NAVD88), the National Geodetic Vertical Datum of 1929 (NGVD29), or a local datum where NGVD29 and 1$9' DUH QRW DYDLODEOH )(0$ ¶V FXUUHQW SROLF\ is to ensure that all new updated maps are referenced to NAVD88 where that datum is available) [1] .
In coastal areas, SFHAs, flood hazard zones, and BFEs are determined based on the Total Water Level (TWL). The models used to determine the TWL vary based on coastal geomorphology (For location-specific guidance please see the following references: [2] , [3] , [4] .)
For example: x For shorelines with relatively gentle slopes, the TWL is determined by adding together storm surge elevations and tidal elevations (the Still Water Level (SWL)), in addition to water elevations from wave setup and overland wave heights. The storm surge and tidal elevations may be computed from long term tide gages or numerical modeling. x For shorelines with steep slopes, the TWL is determined by adding elevations from tide, wave setup, storm surge and wave runup. The storm surge and tidal elevations may be computed from long term tide gages or numerical modeling.
$V SDUW RI )(0$ ¶V Risk Mapping, Assessment, and Planning (Risk MAP) effort, initiated in 2009, FEMA has been restudying and remapping coastal flood hazard data for all populated coastal areas (see Figure 1) . All of these studies have been initiated and as of April 2014, approximately 10% of the coast has been completed, 47% of the coast has received preliminary flood hazard data, and the rest of the studies are in the data development phase.
All FISs and FIRMs are based on present-day hydraulic boundary conditions. Future hydraulic boundary conditions , such as projected conditions caused by rising sea levels or future development in the floodplain, are not considered when studying and mapping flood hazards for the NFIP. The issue of whether FEMA should consider future hydraulic boundary conditions in the NFIP in a regulatory manner has long been politically controversial [5] 
Components of total water levels
Depending on the location of the project site, TWLs are a combination of a range of contributors and will vary in both space and time in a manner relevant to project stability and performance. The critical water level of interest will not always be the extreme high water level. At times the design water level may have more to do with duration, its combination with another design variable, or the range of water levels across the project site. Below and in figures 2 and 3 are a summary of total water level components. The contribution of each component of a TWL has the potential to significantly alter spatially and temporally varying flood hazards, resulting in a complex and non-linear problem. Figure 2 illustrates a fairly simple open coast example of TWL components while figure 3 demonstrates the potential increased complexity of TWL evaluation with complex topography and adjacent water bodies.
TWL Components:
Mean Sea Level Tidal Range Non-tidal residual (Any elevation change in the SWL not related to the astronomical tide.) ± Seasonal cycle ± Monthly mean sea level anomalies (low frequency anomalies, El Nino, etc.) ± Storm surge (low frequency event) ± Surge amplification ± Precipitation ± River discharge ± Groundwater ± Interior ponding. Wave-induced components ± Wave setup and setdown ± WL change due to infragravity and wave groups ± Wave runup and swash (incident and infragravity contributions). figure 4 , a representative TWL event is shown for a tide gage on each of five coastlines in the United States: Alaska, Hawaii, West Coast, Gulf Coast, and East Coast. The components of the total water level for each event are plotted in terms of absolute magnitude demonstrating the varying importance of different processes in different locations. Each event is in the top 10 most extreme water levels at its gage in terms of water level above mean higher high water. Figure 5 provides an example of variability in tidal range for the East and Gulf coasts in the US. The non-tidal residual ( component of TWLs is often associated with noticeable impacts along the coast especially during times of higher astronomical
tides ( . Significant can be produced from storm surge in response to short-period localized wind storms or in response to prolonged ocean-atmospheric forcings such as Gulf Stream transport variability along the US SE Coast or ENSO-related ocean temperature and sea surface height variability along the US West Coast. The magnitude of the depends on the types of forcing mechanisms associated with the event. $ORQJ WKH 1( FRDVW VWURQJ ZLQWHU VWRUPV QRU ¶HDVWHUV are prevalent, whereas along the SE and Gulf Coasts, winter storms are less of an impact than the rare, but extremely powerful hurricane strike. Local bathymetric characteristics also play an important controlling aspect of magnitude potential. For instance, due to the narrow continental shelf along the West Coast and Pacific Islands values (i.e., average to extreme) are typically much smaller than along the East or Gulf Coasts. In these areas, those TWL components connected with the tidal range and the wave components may be dominant. Duration of high energy wave events can control project design. Figure 6a shows the 1980-2009 climatologies of daily maximum SWLs decomposed into the annual MSL, and components for regionally representative locations around the U.S. Along the NE Coast (NYC), frequency and magnitude are quite pronounced during the cool months (i.e., Oct-$SU ZKHQ QRU ¶HDVWHUV are prevalent; in the SE (Charleston) magnitudes are less and more steady throughout the year. In regions impacted by the hurricanes like the SE Atlantic and Gulf Coasts, direct landfall is a major concern during the JuneNovember period and can cause large storm surges, highlighted in Galveston (Figure 6a ). Along the West Coast (San Francisco), are higher during winter storms but have relatively small magnitudes from bathymetric constraints. The annual MSL cycle, which forms in response to seasonal heating, wind and ocean current processes, is largest in the fall where coastal boundary currents occur such as the Gulf Stream and Loop Current system. The seasonal cycle is typically resolved by the Sa and Ssa tidal constituents, but transport variability can cause large anomalies [7] . Figure 6b shows the relative contribution of to high SWL events at 45 long-term tide gauges around the U.S. as shown in [8] . A low ratio of the average to maximum water level observations helps identify regions where the tide range is a much larger contributor than the magnitude. These regions include the West Coast (and Honolulu) where the NTR component is small (narrow continental shelf), as well as sections of the SE and NE Atlantic Coast, where the tide range is much larger than the relatively large component. 
Project specific analysis and assessment of total water levels
In our initial assessment of total water levels, we should consider how we measure and calculate total water level components in the project area and what assumptions we may be making.
What In figure 7 below, different zones of total water level calculation and impact are identified beginning with deepwater conditions. As the processes analyzed get closer to the shore, interaction of the water level and wave height components may change both in combination as well as in how they are influenced by the surrounding morphology. The final backshore area is often described as the impact area for Flood Risk Reduction studies or Coastal Risk Reduction studies, however, this area also will have contributing water level components or limits which must be considered. Each mission area and project type will respond differently to total water levels depending on the project design and function. Table 1 summarizes the processes of interest as well as the possible frequencies of interest. Projects and systems of projects can be assessed in terms of both their stability against the design loading and their ability to perform their function under these loadings. 
Historical analyses of total water levels have typically focused on one of three methods: (1) extrapolation of observed data (not necessarily at project site), (2) numerical modeling, or (3) summation of limited components analyzed separately. Sometimes, these analyses lacked all total water level components, or, higher frequencies of occurrence may have been neglected. In addition, important combinations may not have been captured.
The updated USACE approach strives to improve transparency and understanding of actual total water level components over different spatial and temporal scales. The TWL is broken down into components and frequencies of interest. The TWL analysis for a given project includes the following: 1) Identify the frequency and types of water levels that influence design and performance over the project life. These water levels are broken down into relevant components as well as zones of cross shore application.
2) Provide a description of the data being used and how it is analyzed to represent components of TWL at a site. Potential gaps in the data should be identified.
(period of record, location, missing components, missing combinations)
3) Describe how the methods capture all important components and determine steps to address omissions. (e.g., modeling or TWL extrapolation may not capture surge amplification or infragravity).
4)
Combine the components to develop a TWL. Some components may be correlated; those can be added without affecting the overall AEP for the TWL. But some components may be independent, in which case the individual AEPs need to be combined appropriately to obtain the overall AEP for the TWL.
5) Acknowledge potential increases, non-linearity, and non-stationarity into the future of the project, specifically with respect to potential thresholds and shifts in datums.
6) Compute and report on the potential uncertainty in the methods especially with respect to future projections.
Projecting future conditions
As stated in the principles in section 2, any description of water level components is connected to a point in time described by the data and the processing assumptions. Variability over increasing time scales from hours to decades of the relevant parameters may influence performance and adaptability of the project alternatives.
It is important to take into account future changes in the different components comprising TWLs during the design process in order to guarantee high safety standards throughout the expected lifetime of a project (often 50 to 100 years or more). In most regions of the world, including the US coastline, relative sea level rise will likely be the main driver for multi-decadal changes in future TWL statistics [9] . This is generally accounted for by adding a certain amount of RSLR (as it is expected for a given target year matching the expected lifetime of the project) to the relevant return water level, i.e. the distribution function that was used for the EVA is shifted upwards according to the RSLR scenario [10] . The latter is often a political decision, which can be supported by the probabilistic assessment of RSLR scenarios [11] . Furthermore, Hunter [12] developed a technique for combining the uncertainties in existing storm tides with the uncertainties in the projections of sea-level rise. The results are given in the form of exceedance probability curves as a function of SWL. Each curve represents the likelihood of one or more flooding events at a given height and at one location, over a specified period during the 21 st century, under conditions of a prescribed emission scenario. The present storm-tide data may be derived from tide-gage observations or from a numerical model. Hunter [13] described a simple extension of this technique which enables the objective choice of a vertical allowance for sea-level rise (i.e. the amount by which coastal assets need to be raised), given the statistics of present storm tides and projections of sea-level rise. The method preserves the expected frequency of flooding events if this allowance is applied as sea-level rises.
Variations in sea level trends primarily reflect differences in rates and sources of vertical land motion. In Figure 8 areas experiencing changes in mean sea level similar to the global average rise are illustrated in green, and are not experiencing significant vertical land motion. Stations illustrating stronger positive sea level trends (yellow-to-red) are experiencing both global sea level rise and lowering or sinking of the local land, causing an apparently exaggerated rate of relative sea level rise. Stations illustrated with negative trends (blue-to-brown) are experiencing global sea level rise and a greater vertical rise in the local land, causing an apparent decrease in relative sea level. These rates of relative sea level rise reflect actual observations and must be accounted for in any coastal planning or engineering applications.
Changes in the forcing conditions, increasing storminess, for example and associated increases in 7:/ ¶V DUH KRZHYHr, not as well established. Hence sensitivity analysis and/or pre-cautionary allowances are often required when considering future changes in the hydraulic conditions.
In addition to variations from location-to-location, there are also regional differences. For example, a broad region of the mid-Atlantic coastline along the United States is sinking slowly due to the glacial rebound effect of the uplift of the Hudson Bay region since the end of the last ice age. The Mississippi delta region of Louisiana is rapidly sinking due to the loading of the lithosphere and compaction of the sediments deposited by the Mississippi River. The Texas coastline is also sinking, likely due to similar causes, in addition to oil and gas extraction. The volcanically active Island of Hawaii is sinking relative to the other islands in the Hawaiian chain. Some areas of the northern California, Oregon, and Washington coastline are rising slowly due to the tectonic effects of subduction beneath the North American
continent. Rapid uplift in southeastern Alaska is believed to be due to the melting of mountain glaciers. [14] . Figure 8 . National map of regional mean sea level trends provides an overview of variations in the rates of relative local mean sea level observed at long-term tide stations (based on a minimum of 30 years of data in order to account for long-term sea level variations and reduce errors in computing sea level trends based on monthly mean sea level). From NOAA CO-OPS http://tidesandcurrents.noaa.gov/sltrends/slrmap.html [14] Quantitative analyses for future coastal flooding events can be conducted at different levels of detail. The simplest and most direct approach would be to apply past storm tides on top of projected future sea levels [15] When contrasted to an existing project area threshold, this type of analysis can illustrate potential changes in frequency of flooding. Any future changes in the applicable cross shore zones such as cross shore and alongshore exposure and evolution constraints should be assessed. TWL-affected project processes will need to be examined individually for future changes due to TWL change. Most significant would be modifications to depth-limited wave heights, surge amplification, as well as overtopping rates. For larger levels of investment, detailed analyses on future non-linear changes to the design and performance modes will be important to future performance assessment. Figure 9 provides an illustration of how a change in sea level in a project area can have a secondary effect on other design variables or areas of impact. This figure illustrates the movement upstream of the cross-over point between coastal-dominant and riverine-dominant processses. The importance of tracking how this may change over time at a particular project site will depend on the expected life span of the project as well as the consequences of project failure.
Conclusions
There is a wide range of infrastructure and population at risk around the coastline of the US. US Army Corps of Engineer (USACE) missions, operations, programs, and projects in the coastal zone must be resilient to the full range of water levels, including extreme water levels. Changing hydraulic boundary conditions as a result of climate change and natural land level changes is complex. Planning effective adaption of Figure 9 . Illustration of upstream movement of storm surge / riverine cross-over point with future conditions existing legacy infrastructure and designing new schemes requires comprehensive guidance. Depending on the location of the project site, TWLs may be a combination of a range of contributors and will vary in both space and time in a manner relevant to project stability and performance. Being able to break the expected range of TWLs down into components helps the practitioner understand uncertainty bands as well as potential nonstationary aspects into the future. The critical water level of interest will not always be the extreme high water level. At times the design water level may have more to do with duration, its combination with another design variable, or the range of water levels across the project site.
The updated TWL approach requires clarity and detail in identifying all contributing TWL components along with the specification of dominant components and important component combinations. A detailed summary of data sources along with any potential component or coverage gaps will highlight contributions to uncertainty in the analysis. Description of design and performance categories will lead to the identification of frequencies of interest and relevant time scales along with important design thresholds.
Provision of the details of characteristics of controlling water levels and potential interactions with adjacent water bodies will inform the decision-makers on effective project alternative selection.
The USACE total water level Engineering Technical Letter (ETL) has reviewed a wide range of DYDLODEOH LQIRUPDWLRQ UHODWLQJ WR 7:/ ¶V DURXQG WKH 86 including practices adopted in different countries around the world. It provides a comprehensive view on all FRPSRQHQWV RI 7:/ ¶V DQG SURYLGHV SUDFWLFDO JXLGDQFH on how to evaluate and explain TWL influence at a project site over the project life. In addition, guidance on DSSURSULDWH PHWKRGV IRU DQDO\VLQJ GLIIHUHQW 7:/ ¶V LV also provided.
The new ETL described here represents the latest in a series of policy and technical guidance documents that have been produced by USACE to guide best practices in coastal areas subject to changing sea levels since 1986.
